The Hippo Pathway Core Cassette Regulates Asymmetric Cell Division  by Keder, Alyona et al.
ArticleThe Hippo Pathway Core Cassette Regulates
Asymmetric Cell DivisionHighlightsd The Hippo pathway core kinase Warts binds Inscuteable and
Bazooka in vivo
d Warts phosphorylates the ACD regulators Canoe/Afadin and
Bazooka in vitro
d Canoe phosphorylation by Warts is required in vivo for
asymmetric NB division
d Hippo pathway disruption might induce tumors via aberrant
stem cell divisionsKeder et al., 2015, Current Biology 25, 2739–2750
November 2, 2015 ª2015 Elsevier Ltd All rights reserved
http://dx.doi.org/10.1016/j.cub.2015.08.064Authors
Alyona Keder, Noemı´ Rives-Quinto,
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for the correct asymmetry of the division,
including ACDmodulator localization and
mitotic spindle precise orientation.
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Asymmetric cell division (ACD) is a crucial process
during development, homeostasis, and cancer.
Stem and progenitor cells divide asymmetrically,
giving rise to two daughter cells, one of which retains
the parent cell self-renewal capacity, while the other
is committed to differentiation. Any imbalance in
this process can induce overgrowth or even a can-
cer-like state. Here, we show that core components
of the Hippo signaling pathway, an evolutionarily
conserved organ growth regulator, modulate ACD
in Drosophila. Hippo pathway inactivation disrupts
the asymmetric localization of ACD regulators, lead-
ing to aberrant mitotic spindle orientation and de-
fects in the generation of unequal-sized daughter
cells. The Hippo pathway downstream kinase Warts,
LATS1-2 in mammals, associates with the ACD
modulators Inscuteable and Bazooka in vivo and
phosphorylates Canoe, the ortholog of Afadin/AF-6,
in vitro. Moreover, phosphosite mutant Canoe
protein fails to form apical crescents in dividing neu-
roblasts in vivo, and the lack of Canoe phosphoryla-
tion by Warts leads to failures of Discs Large apical
localization in metaphase neuroblasts. Given the
relevance of ACD in stem cells during tissue homeo-
stasis, and the well-documented role of the Hippo
pathway as a tumor suppressor, these results repre-
sent a potential route for perturbations in the Hippo
signaling to induce tumorigenesis via aberrant stem
cell divisions.
INTRODUCTION
Asymmetric cell division (ACD) is a fundamental mechanism dur-
ing development for generating cellular diversity. In addition,
over the past decade, a link between ACD, cancer, and stem
cell biology has become increasingly evident [1, 2]. The neural
stem cells of the Drosophila CNS, called neuroblasts (NBs), are
one of the best paradigms in which to analyze the process of
ACD [3]. NBs divide asymmetrically to give rise to another NB
that retains the self-renewal capacity of the mother stem cell,
and a smaller daughter cell called ganglion mother cell (GMC),Current Biology 25, 2739–27which is committed to initiating a process of differentiation.
The GMC will divide only once more to generate two neurons
or glial cells. ACD is tightly modulated by a complex protein
network that includes the highly conserved partitioning defective
proteins Par6 and Par3 (Bazooka [Baz] in Drosophila) and the
atypical protein kinase C (aPKC), all of which asymmetrically
accumulate at the apical pole of dividing NBs [4–7]. The Par com-
plex binds to the adaptor protein Inscuteable (Insc), which phys-
ically interacts with the tetratricopeptide repeats (TPRs) present
at the N-terminal domain of Partner of Inscuteable (Pins). The
GoLocomotifs at the Pins C-terminal domain in turn bind the het-
erotrimeric G protein subunit Ga, which is attached to the mem-
brane through a myristoyl group [8, 9]. The tumor suppressor
Discs large (Dlg) binds the PinsLINKER middle domain and the
Kinesin heavy chain 73 (Khc-73), which is associated to aster
microtubules, to promote spindle orientation. Then, the microtu-
bule-associated protein Mushroom body defect (Mud)/NuMA
(in vertebrates) binds to PinsTPRmotif, displacing Insc and further
reinforcing the apicobasal orientation of the spindle [10–15]. In
addition, the Par complex allows the asymmetric distribution of
cell-fate determinants, such as Numb and Prospero (Pros), and
their adaptor proteins Partner of Numb (Pon) and Miranda
(Mira), at the basal cortex of the NB [16] (and references therein).
A few years ago, we identified a novel component of the apical
complex, the PDZ (PSD-95, Dlg, ZO-1) domain-containing pro-
tein Canoe (Cno)/Afadin. Cno, in a complex with Pins, contrib-
utes to proper Mud localization and spindle orientation, as well
as to the correct asymmetric distribution of cell-fate determi-
nants in metaphase NBs (mNBs) [17]. In an attempt to further
characterize the protein network that regulates the process of
ACD, we carried out a yeast two-hybrid screening looking for
novel partners of Cno. Apart from strong-interacting partners,
such as Rap1, which we found functions with the also small
GTPase Ral in asymmetric NB division [18], some weak interac-
tors, such as the serine-threonine kinaseWarts (Wts)/LATS1 and
LATS2 in vertebrates, were also isolated [19, 20].
Wts belongs to the highly conserved Hippo tumor suppressor
pathway, which is involved in cell growth, cell death, and organ
size regulation [21–23]. The core of the Hippo pathway is a
cassette formed by the serine-threonine kinases Hippo (Hpo)
and Wts, the scaffolding protein named Salvador (Sav) that
links Hpo and Wts, and Mob-as-tumor-suppressor (Mats), an
essential co-factor of Wts [19, 20, 24–31]. Hpo phosphorylates
and activates Wts, which in turn phosphorylates and inactivates
the transcriptional co-activator Yorkie (Yki)/Yes-associated pro-
tein (Yap) in mammals, thereby maintaining it in the cytoplasm50, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2739
[32, 33]. The inactivation of the Hippo pathway results in the
translocation of dephosphorylated Yki into the nucleus where,
along with DNA-binding cofactors such as the transcription
factor Scalloped (Sd), it activates pro-growth and anti-apoptotic
target genes [32–36]. Multiple upstream regulators of the Hippo
pathway core cassette have been described. For example, the
Expanded (Ex)-Merlin (Mer) complex, which also includes Kibra
and the transmembrane and polarity protein Crumbs (Crb), the
Fat (Ft) pathway and a Lethal Giant Larvae (Lgl) complex have
all been implicated in Hippo signaling [22, 23] (and references
therein).
Here, we uncover a novel function of Hippo pathway core
components in regulating ACD in different progenitor cells,
including embryonic and larval NBs, as well as embryonic
muscle and heart progenitors.
RESULTS
Cno Genetically Interacts with Wts and Other Core
Components of the Hippo Pathway
We isolated the kinase Wts as a weak Cno interactor in a yeast
two-hybrid screening and, given the described function of Cno
during ACD, we tested whether Wts and other components of
the Hippo pathway were also involved in regulating this process.
We first analyzed genetic interactions between cno and different
components of the Hippo pathway during the generation of the
GMC-1 neuronal lineage. This GMC divides asymmetrically to
give rise to two different neurons called RP2 and RP2 sibling. At
early stages, both neurons express the transcription factor
Even-skipped (Eve), but at later stages in embryogenesis only
the RP2 neuron retains Eve expression. Hence, under normal
conditions, only one Eve+ RP2 neuron is detected per hemiseg-
ment (Figures 1A and 1B). However, mutant embryos in ACD reg-
ulators show defects in the number of RP2 neurons. By analyzing
transheterozygous mutant combinations, a classical genetic tool
to determinewhether twogenescooperate in regulating the same
biological process,we foundsignificant interactionsbetweencno
and core Hippo pathway components during the generation of
the RP2 lineage (Figures 1C and 1D). Additional interactions
were detected between cno and other upstream regulators of
the Hippo pathway, such as Ft, Ex, and Mer (Figure 1D).
Next, we studied genetic interactions between wts and multi-
ple ACD regulators. In addition to the strong interaction with cno
already tested, wts showed robust genetic interactions with
Rap1, aPKC, baz, insc, pins, Gai, and Khc-73 (Figure 2A). The
Aurora (Aur) kinase, the tumor suppressor Scribble (Scrib), and
the cell-fate determinants Pros and Numb also displayed very
significant interactions (Figure 2A). The lack of interaction be-
tween wts and mud or l(2)gl may be due to a strong maternal
contribution of these gene products (Figure 2A).
Wts and Other Core Components of the Hippo Pathway
Are Required for ACD
To further test a potential function of the Hippo pathway in ACD,
we next analyzed the RP2 lineage in homozygote mutant
embryos for the core components of the Hippo pathway,
including Wts, its cofactor Mats, Hpo, and Sav, the scaffolding
protein that links Hpo and Wts. All these mutants showed signif-
icant defects in the number of RP2 neurons with the exception of2740 Current Biology 25, 2739–2750, November 2, 2015 ª2015 ElsevhpoKC202 mutants (Figures 2B–2E), in which a maternal compo-
nent may exist. We were not able to generate hpoKC202 germline
clones (glc) to test this, but in wtsx1 glc, the number of defects
increased3-foldwith respect towtsx1 zygoticmutants (Figure2E).
In addition, sav3mutants showeda strongphenotype, supporting
the idea that its binding partner Hpo also functions in ACD.
The activity of the core components of the Hippo pathway
normally lead to Yki phosphorylation and inactivation, and, as
might be expected if a putative Yki ACD function is normally
suppressed by Wts in wild-type animals, we found no defects
in the number of RP2 neurons in ykiB5/ykiB5 zygotic mutants;
another null yki allele, ykiR310X, as well as the null allele sddel
and the hypomorph sd11 did not show any significant phenotype
either (Figure 2E). Hence, we reasoned that the phenotype of a
core pathway component should be suppressed in a yki mutant
background. Unexpectedly, we observed a strong increase in
the number of hemisegments with RP2 neuron defects in ykiB5/
ykiB5; matse03077/matse03077 double mutant (16%), compared
with the phenotypes of the single mutantsmatse03077/matse03077
(4.7%) and ykiB5/ykiB5 (0%) (Figure 2E). This suggests a ‘‘non-
canonical’’ function of Yki during ACD in the cytoplasm along
with other Hippo pathway components (see Discussion).
Wts Is Required for Apical Protein and Cell-Fate
Determinant Localization and for Spindle Orientation
To characterize the cellular consequences of Hippo pathway
disruption in NBs, we examined the distribution of apical proteins
andcell-fate determinants, aswell as theorientation of themitotic
spindle, in mNBs ofwtsx1 glc embryos. The asymmetric distribu-
tion of the apical proteins aPKC, Baz, and Cno were clearly
reduced (Figures 3A–3G), whereas Gai, Pins, and Insc were not
affected or affected to a lesser degree (data not shown; see
quantification in Figure 3G). The basal localization of the cell-fate
determinants Pros and Numb at mNBs was also altered (Figures
3A–3D0 0and 3G), whereas the adaptor protein Mira was less
affected (data not shown; see quantification in Figure 3G).
Numb and Pros were also analyzed at telophase, showing
the phenotypes partially rescued (phenomenon known as
‘‘telophase rescue’’): in Numb 7.4% (n = 54 NBs) and in Pros
20.6% (n = 34NBs) of failures were found at telophase compared
with 28% of Numb (n = 76 NBs) and 58% of Pros (n = 91 NBs)
failures found at metaphase (Figure 3G). The apicobasal orienta-
tion of themitotic spindle also failed in 40%of themNBsanalyzed
(n = 76) in wtsx1 glc compared with 15% misoriented spindles in
control embryos (n = 78NBs) (Figures 3H–3I0). Finally, the charac-
teristic unequal size of NB daughter cells was lost in 18.2%of the
telophaseNBs analyzed inwtsx1 glc (n = 88) comparedwith 3.4%
in control embryos (n = 89) (Figures 3J–3K0).
To support these results, we analyzed sav3 glc mutants. The
localization of both Baz and Numb were decreased in these
mutants (Figures 3L–3M0 0 and 3P), and the spindle orientation
was also defective (Figures 3N and 3O). Together, these results
support a function for core components of the Hippo pathway
during asymmetric NB division.
Wts Is Expressed in Embryonic NBs throughout Mitosis
Next, we wanted to analyze the expression of Wts in NBs. We
used an antibody against a highly conserved peptide in human
LATS1-2 that we found specifically recognizes Drosophila Wtsier Ltd All rights reserved
Figure 1. Cno Genetically Interacts with Components of the Hippo Pathway
(A) Diagram depicting the RP2 neural lineage.
(B and C) Ventral views of Drosophila stage 16 embryos stained with Eve. In control embryos (B), there is only one RP2 neuron per hemisegment (arrows);
in cno2, +/+, wtsx1 transheterozygotes (C), RP2 neuron duplications (arrows) or losses (asterisk) are detected. vm, ventral midline; scale bar, 10 mm.
(D) Double heterozygote analysis of the genotypes specified; the number of hemisegments analyzed is indicated over each bar; ***p < 0.001.(Figure S1). Wts was detected in all embryonic NBs in a charac-
teristic punctate pattern, and it was mainly concentrated in
the cytoplasm (Figures 4A–4B0 0 0). To follow Wts localization
throughoutNBmitosis,weused themitoticmarkerPhospho-His-
tone H3 (PH3). Wts was homogenously detected in dividing NBs
with a slight apical enrichment at metaphase (11% fluorescence
increase in the apical side; n = 53NBs analyzed) (Figures 4C–4F0).
Wts Is in a Complex In Vivo with the Apical Proteins Insc
and Baz
Given the localization of Wts in mitotic NBs and the specific
defects in ACD we observed in wtsx1 glc, we speculated thatCurrent Biology 25, 2739–27Wts might be in a complex with some apical proteins. aPKC
and Baz from the Par complex, Insc, Pins, and Gai from the
Pins complex, and Cno and Rap1 from the Rap1 complex
were tested in coimmunoprecipitation experiments from embryo
extracts and from Drosophila S2 cells. Under those conditions,
only Baz and Insc showed a robust interaction with Wts (Figures
5A and 5B).
Wts Phosphorylates Cno
Since Wts was isolated as a possible Cno protein interactor in
our yeast two-hybrid screening and Cno contains two conserved
Wts consensus sites in its sequence, Hx[R/H/K]xx[S/T] [37],50, November 2, 2015 ª2015 Elsevier Ltd All rights reserved 2741
Figure 2. Components of the Hippo Pathway Function in ACD
(A) Percent of hemisegments with failures in the number of RP2 neurons; *RP5709 is ‘‘Roughened,’’ the official name for Rap1 (FlyBase).
(B) Scheme of the Hippo signaling network.
(C and D) Ventral views of Drosophila stage 16 embryos stained with Eve. In control embryos (C), there is only one RP2 neuron per hemisegment (arrows); in
wtsx1/wtsx1 zygotic mutants (D), RP2 neuron duplications (arrows) or losses (asterisk) are detected; scale bar, 10 mm.
(E) Percent of hemisegments with failures in the number of RP2 neurons; the number of hemisegments analyzed is indicated over each bar in both (A) and (E);
***p < 0.001, **p < 0.01.
2742 Current Biology 25, 2739–2750, November 2, 2015 ª2015 Elsevier Ltd All rights reserved
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Figure 4. Wts Is Expressed in Embryonic NBs
(A–B0 0 0) Confocalmicrographs of a stage 9 embryo in a ventral view stainedwith
Wts, Wg, and L’sc. Wts is detected in a punctated pattern in the cytoplasm of
NBs (A and A0). Scale bar, 50 mm; one NB is shown in more detail in (B)–(B0 0 0).
(C–F0) Wts localization throughout NB mitosis. At prophase, Wts is uniformly
distributed in the cytoplasm (C and C0) becoming slightly enriched at the apical
pole of mNBs (D and D0 ); during anaphase and telophase, Wts is also detected
in the apical-most daughter cell, whereas it seems less abundant in the smaller
basal daughter cell (arrowheads in E0 and F0). Scale bar, 10 mm.
See also Figure S1.we investigated whether Wts was able to phosphorylate Cno in
an in vitro kinase assay. A FLAG-Cno truncated protein (1,100–
2,051 amino acids) containing the Wts consensus motifs wasFigure 3. Core Components of the Hippo Pathway Regulate Asymmet
(A–F0 0) Confocal micrographs showing mNBs; in all panels, the DNA (PH3) is sho
(A–B0 0 ) In control embryos, aPKC localizes in an apical crescent in mNBs (red arrow
In wtsx1 glc mutants, aPKC and Numb crescents are not detected in mNB (red a
(C–D0 0) In control embryos, Baz localizes in an apical crescent in mNBs, opposite t
Baz is not detected, and Pros appears cytoplasmic in mNB (arrows in D–D0 0).
(E–F0 0) Cno (in green and red) is apically detected in control embryos (arrow in E–
(G) Quantification of the phenotypes in wtsx1 glc (note that % of both defective N
(H–I0) Confocal micrographs (H and I) showing anmNB. In control embryos, themit
cell polarity (H), whereas in wtsx1 glc mutants, the spindle appears misorientated
(H0 and I0) Percent ofmNBsanalyzed (n)with aberrant spindleorientation in the indica
(J–K0 ) Confocal micrographs showing a telophase NB. In control embryos (J and J0
daughter cells are observed (K and K0).
(L–M0 0) Confocal micrographs of control (L–L0 0) and sav3 glc mutant mNBs (M–M0
Baz (red arrows) localization are shown.
(N and O) Percent of mNBs analyzed (n) that present aberrant spindle orientation
(P) Quantification of phenothypes in sav3 glc mutants. Scale bars, 10 mm.
2744 Current Biology 25, 2739–2750, November 2, 2015 ª2015 Elsevpurified from S2 cells and incubated in the presence of recombi-
nant human LATS1 kinase and radioactive ATP. Whereas little
Cno phosphorylation was observed without adding LATS1,
phosphorylated Cno was strongly detected in the presence of
the kinase (Figure 5C). Given that Insc and Baz were able to
coimmunoprecipitate with Wts and that Baz, but not Insc, con-
tains multiple consensus motifs of Wts, we also performed
in vitro kinase assays using 3xFLAG-tagged Baz purified from
S2 cells. While some Baz phosphorylation was detected in the
control samples, presumably due to co-purified kinases, addi-
tion of LATS1 markedly increased Baz phosphorylation (Fig-
ure 5C). Together, these results indicate that both Cno and
Baz are phosphorylated in a Wts-dependent manner in vitro.
To further explore the regulation of Cno and Baz by Wts, we
sought to identify the target residues on both proteins. First,
the two conserved Wts consensus phosphorylation sites in
Cno (S1196 and T1380) were mutated; however, this mutated
Cno protein in presence of LATS1 only led to a slight reduction
in Cno phosphorylation (data not shown). This result suggested
that there could be additional non-consensus phosphorylation
motifs in Cno recognized by LATS1. We therefore performed
additional kinase assays in the presence or absence of LATS1,
followed by mass spectrometry analysis. Using this approach,
we identified one additional non-consensus putative phosphor-
ylation site in Cno (T1394). Mutation in the non-consensus site
alone (CM) showed a more apparent effect on Cno phosphoryla-
tion (Figure 5C). However, only when all three sites (S1196,
T1380, T1394) were mutated (CMW), a marked reduction of
Cno phosphorylation by LATS1 in vitrowas observed (Figure 5C).
This is consistent with Cno being a Wts/LATS phosphorylation
target implicated in ACD. In the case of Baz, we were unable
to identify the functional phosphorylation sites using candidate
and mass spectrometry approaches.
To analyze the potential in vivo relevance of Cno phosphoryla-
tion by Wts, we generated transgenic flies carrying UAS-
GFP::full length Cno wild-type (WT) or a mutated form (i.e., in
the three Wts consensus and non-consensus sites identified),
and we analyzed their expression with the NB-specific Gal4
driverwor-Gal4. While crescents of GFP-CnoWT were not clearly
detected in 6.1% of dividing NBs (n = 66), crescents of GFP-
CnoMut protein were defective in 46% of the NBs analyzed (n =
87); the localization of aPKC was not affected (Figures 5D–
5E0 0). This result indicates that Cno phosphorylation by Wts isric NB Division
wn in red, and in (A)–(D0 0), Centrosomin (Cnn) is shown in blue, green, and red.
s in A and A0 0), opposite to the basal Numb crescent (green arrows in A and A0).
nd green arrows in B–B0 0).
o the basal Pros crescent (green and red arrows in C–C0 0). Inwtsx1 glc mutants,
E0 0 ) and is absent in wtsx1 glc mutants (arrow in F–F0 0 ).
Bs and embryos were analyzed).
otic spindle (depicted by a dotted line) is orientated along the apicobasal axis of
X with respect to this axis (I).
tedwindows (0–15 ofdeviationwith respect to theA–Paxis is considered ‘‘wt’’).
), unequal-sized daughter cells are generated. Inwtsx1 glcmutants, equal-sized
0) stained with Baz, Numb, PH3, and Cnn. Defects in Numb (green arrows) and
in control (N) and sav3 glc mutants (O).
ier Ltd All rights reserved
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required in dividing NBs in vivo for its apical stabilization. More-
over, the expression of GFP-CnoMut was associated with failures
in the apical localization of Dlg in 53%ofmNBs analyzed (n = 49),
whereas GFP-CnoWT protein did not cause any defects in the
apical distribution of Dlg (n = 30 mNBs) (Figures 5F–5H0 0). How-
ever, the apical localization of Pins was not affected in presence
of GFP-CnoMut protein (n = 38 mNBs) (Figures 5I–5J0 0). These
results suggest that the phosphorylation of Cno by Wts is not
required for the apical localization of Pins but it does contribute
to the apical recruitment of Dlg.
Core Components of the Hippo Pathway Are Required
during Asymmetric Division of Larval NBs and Muscle
and Heart Progenitors
We next wondered whether the function of the Hippo pathway
core components during the asymmetric division of embryonic
NBs is conserved in other progenitor cells that divide asymmet-
rically, such as larval brain NBs and muscle and heart progeni-
tors. Larval brain contains both type I and type II NB lineages.
Type II NBs divide asymmetrically to give rise to another NB
and, instead of a GMC, an intermediate progenitor (INP) that
continues proliferating giving rise to neural progeny. First, we
observed that Wts is expressed in progenitor cells of both types
of NB lineages (data not shown and Figures 6A and 6A0). Given
that type I NBs are more similar to the embryonic NBs than
type II NBs [3], we focused on the latter for the mutant analysis.
We generated null mutant clones for both wtsx1 and hpoKC202
and analyzed the localization of Baz, one of the ACD regulators
more affected in wtsx1 glc mutant embryonic NBs. Whereas in
control WT clones (CD8::GFP labeled) we found no defects in
any of the dividing cells analyzed (n = 44 Baz+/PH3+ cells from
eight clones of five different brains), in wtsx1 mutant clones
(CD8::GFP labeled), 9.3% of Baz+/PH3+ cells showed a misloc-
alization of Baz (n = 43 dividing cells analyzed from nine mutant
clones of six different brains) (Figures 6B–6C0 0). In hpoKC202
mutant clones (manifest by the lack of GFP staining), 8.3% of
Baz+/PH3+ cells did show failures in Baz localization (n = 24
dividing cells from ten mutant clones of six different brains)
compared with control clones (also GFP negative) that did not
show any Baz defects (n = 28 Baz+/PH3+ cells from 12 clones
in 7 different brains). Dlg apical localization was also compro-
mised in hpo clones (Figures 6D–6E0 0 0). These results suggestFigure 5. Wts Forms a Complex In Vivo with Insc and Baz and Phosph
(A) Embryonic lysates expressing insc-GFP, baz-GFP, or GFP (as a negative cont
GFP and probed on immunoblots with anti-Myc and with anti-GFP (as an IP con
(B) S2 cells expressing Flag-tagged Wts and Myc-tagged Cno, Insc, Baz, or GFP
with anti-Myc.
(C) A truncated (1,100–2,051 amino acids) WT or mutated forms of Cno (CMW an
LATS1 active kinase (LATS1 was used as it was technically difficult to make full-le
of LATS1 and is strongly phosphorylated in the presence of the kinase (red bracke
decrease in phosphorylation; in Cno CMW, mutated in all Wts consensus and non
(arrowhead). Some Baz WT phosphorylation is detected in the absence of LATS
bracket). Gels stained with SimplyBlue SafeStain revealing the amount of protein
phosphorylation (n = 3 independent experiments) and Baz phosphorylation (n = 2
band intensities of the blots using ImageJ. Error bars represent SD.
(D–J0 0) Confocal micrographs showing single larval NBs expressing GFP::CnoWT (
(and PH3 in F–J0 0). GFP::CnoWT is detected in apical crescents at metaphase along
fails (arrows in E and E0). Dlg is apical atmNBswhenGFP::CnoWT is expressed (arro
is present (two different examples are shown; arrows in G0 0 and H0 0). The apical
expressing GFP::CnoMut (arrow in J0 0). Scale bars, 10 mm.
2746 Current Biology 25, 2739–2750, November 2, 2015 ª2015 Elsevthat asymmetric NB division is failing in wtsx1 and hpoKC202
mutant clones.
In the embryo, muscle and heart progenitors also divide asym-
metrically and Cno contributes to the regulation of this process
[17, 38, 39]. The lineages of two dorsal muscle and heart progen-
itors, called P2 and P15, have been characterized in detail [38,
40, 41] (Figure 6F). Using Eve and other characterized transcrip-
tion factors such as Runt and Zfh1 as specific markers of these
dorsal lineages, we analyzed potential defects in wtsx1 and in
matse03077 mutant embryos. At stage 11, in WT embryos, three
Eve+ cells were detected in each hemisegment at the most
dorsal part of the mesoderm (Figures 6F–6J): P15 and the prog-
eny of P2. In wtsx1 and in matse03077 mutants, very specific
defects in the asymmetric division of P2 were detected in
8.2% (n = 306) and in 11.3% (n = 479) of the hemisegments
analyzed, respectively (Figures 6H, 6K, and 6L). At stage 14, in
WT embryos, two Eve+ pericardial cells (EPCs), one Eve+ muscle
(dorsal acute muscle 1 [DA1]) and one Runt+ muscle (dorsal
oblique muscle 2 [DO2]) were detected in each hemisegment
(Figures 6F and 6P). In wtsx1 and in matse03077 mutants, muscle
and EPC duplications and losses were observed in 20.8%
(n = 318) and 17.5% (n = 262) of hemisegments, respectively
(Figures 6Q and 6R). Defects in the generation of these lineages
were already observed at stage 12 in both mutants, in which the
number of Eve+ cells was altered compared with WT embryos
(Figures 6M–6O). Hence, the core components of the Hippo
pathway Wts and Mats also regulate the asymmetric division
of muscle and heart progenitors.
DISCUSSION
In the present study, we have uncovered a function of core
components of the Hippo signaling pathway during ACD in
Drosophila, a function that will further our understanding of this
intricate process (Figure 7A). Protein phosphorylation is at the
heart of ACD, with aPKC, Aurora, and Polo all performing key
regulatory steps [42, 43]. Here, we observed that the kinase
Wts/LATS1 phosphorylates Baz and Cno, two key regulators
of ACD, in vitro. Using a combination of candidate Wts
consensus sites and a mass spectrometry approach on in vitro
phosphorylated proteins, we identified several putative target
sites for Wts on Cno and Baz. Mutation of the Wts candidateorylates Cno In Vitro and In Vivo
rol [NC]) under a maternal V32 Gal4 driver were immunoprecipitated with anti-
trol).
(as NC) were immunoprecipitated with anti-Flag and probed on immunoblots
d CM) and a full-length WT form of Baz were incubated with or without human
ngth recombinant Wts). CnoWT shows a slight phosphorylation in the absence
t). Cno mutated form CM (T1394A) in Wts non-consensus site already shows a
-consensus sites, a high reduction of phosphorylated Cno protein is detected
1, but the addition of LATS1 markedly increases Baz WT phosphorylation (red
loaded for all samples are shown below the radiographs. Quantification of Cno
) is also shown. These quantifications (Y axis) are based on measurements of
D–D0 0, F–F0 0, and I–I0 0) or GFP::CnoMut (E–E0 0, G–H0 0, and J–J0 0) stained with Cnn
with aPKC (arrows in D andD0 ), whereas GFP::CnoMut localization in crescents
ws in F and F0 0), whereas Dlg apical localization is disruptedwhenGFP::CnoMut
localization of Pins along with GFP::CnoWT (arrows in I and I0 ) is unaltered by
ier Ltd All rights reserved
Figure 6. Core Components of the Hippo Pathway Function in the Asymmetric Division of Larval NBs and Muscle and Heart Progenitors
(A and A0) Wts and Dpn are expressed in the NB (arrowhead) and INPs (arrow) within a type II NB lineage (late third instar larvae).
(B–C0 0) A type II NB lineage CD8::GFP-labeled stained with Baz and PH3 in a control clone (B–B0 0) and in a wtsx1 mutant clone (C–C0 0). (B0 0) and (C0 0) are higher
magnifications, in which one progenitor is shown in detail. In wtsx1 mutant clones, failures in the localization of Baz crescents with respect to the mitotic spindle
(dotted line) are observed in metaphase progenitors (arrow in C0 0 ), compared with control metaphase progenitors in which Baz crescents are always correctly
aligned with respect to the spindle (arrow in B0 0).
(D–E0 0 0) A type II NB lineage in a control (D–D0 0 0) and hpoKC202mutant clone (E–E0 0 0) stained with Baz, PH3 (blue and red), and Dlg. One NB is shown in detail in (D0 0 0 )
and (E0 0 0). Clones do not express GFP. In control clones, Dlg and Baz crescents are always detected well aligned with respect to the spindle (arrows in D0–D0 0 0),
whereas in hpoKC202 mutants, failures in the Dlg and Baz crescent localization are detected (arrows in E0–E0 0 0). Scale bar, 10 mm.
(F) Diagram depicting the muscle and heart dorsal progenitors P2 and P15 lineages.
(legend continued on next page)
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Figure 7. Hippo Pathway Functions in ACD:
Working Model
(A) Before Hippo pathway activation, PinsTPR
domain (red box) binds Insc. After Wts activation,
phosphorylated Cno binds PinsTPR and contrib-
utes to recruit first Dlg to PinsLINKER domain and
then Mud to PinsTPR domain. Finally, an unknown
event (i.e., dephosphorylation of Cno and/or a
post-translational modification of Mud) would
promote the replacement of Cno by Mud at
PinsTPR. Both Khc-73 and Dynein-Dynactin com-
plex bind astral microtubules allowing the apico-
basal orientation of the spindle (see also text).
(B) Diagram showing a comparison between the
function of the Hippo pathway in epithelial cells, in
its classical role during organ growth, and in stem
or progenitor cells in its role during ACD (SCD,
symmetric cell division).sites had a significant effect on Cno phosphorylation by LATS1,
suggesting that Cno is a bona fide target ofWts. In fact, the local-
ization of Cno protein mutated in Wts phosphosites (CnoMut)
failed in dividing NBs. This strongly supports the significance
of Cno phosphorylation byWts in vivo. Moreover, the expression
of CnoMut blocked the normal apical localization of Dlg in mNBs.
Among the apical proteins, Pins and Galphai are essential for
the orientation of the spindle [44]. First, the PinsLINKER domain
binds Dlg that in turn interacts with Khc-73, which is associated
to aster microtubules, promoting spindle orientation. Then, the
PinsTPR domain recruits Mud, which is also associated to aster
microtubules through Dynein/Dynactin, further improving the
apicobasal orientation of the mitotic spindle [13]. Inwtsmutants,(G–J) A lateral view of a WT stage 11 embryo stained with Eve, which is detected at this stage in three cells p
progeny of P2, Founder of EPCs (FEPCs) and Founder of DO2 (FDO2), and P15 (H), as shown in a confocal
Runt, and Zfh1 (I and J).
(K and L) In wtsx1 and matse03077 stage 11 mutant embryos, failures in asymmetric progenitor division are o
(M–O) Lateral views of stage 12 embryos stainedwith Eve. InWT embryos, about 3–4 cells are detected per he
matse03077 mutants, defects in the number of cells generated are observed (N and O).
(P–R) Confocal micrographs of stage 14 embryos in a lateral view showing two hemisegments stained with E
DA1muscle, and one DO2muscle are detected per hemisegment (P; see also F); inwtsx1 andmatse03077muta
observed (Q and R).
2748 Current Biology 25, 2739–2750, November 2, 2015 ª2015 Elsevier Ltd All rights reservealthough Pins and Gai localization were
either very weakly or not at all altered,
spindle orientation failed. However, in
wts mutants, the localization of Cno was
significantly affected, and Cno is neces-
sary for both the spindle orientation and
Mud localization [17]. Moreover, Cno
forms a complex in vivo with Pins [17]
physically interacting with the PinsTPR
domain, the same motif that Insc and
Mud bind [12, 45, 46]. Hence, Cno, Insc,
and Mud cannot bind simultaneously to
Pins. In fact, it has been shown that Insc
and Mud/NuMA compete to bind the
Pins/LGNTPR domain. How Pins changes
its affinity by Insc in favor of Mud is not
known [11, 15]. Taking all these data
together, our working model (Figure 7A)proposes that the activation of the Hippo pathway in NBs pro-
motes the phosphorylation of Cno and possibly Baz by Wts,
which associates with both Baz and Insc. These changes could
increase the affinity of PinsTPR for Cno, allowing it to displace
Insc. Thus, phosphorylated Cno could contribute to Dlg recruit-
ment to PinsLINKER domain and later of Mud recruitment to
PinsTPR domain [45]. How Cno is displaced by Mud from the
PinsTPR motif is not known, but we can speculate that a putative
dephosphorylation of Cno and/or post-translational modification
of Mud may be involved (Figure 7A).
In addition to Wts, the other core components of the Hippo
pathway (Hpo, Sav, and Mats) also showed defects in the ACD
of different types of progenitors when they were compromised.er hemisegment (G); these cells correspond to the
micrograph of stage 11 embryos stained with Eve,
bserved.
misegment at this stage (M; see also F); inwtsx1 and
ve, Runt, and Zfh1. In WT embryos, two EPCs, one
nts, muscle duplications and EPC loss (asterisk) are
d
This Hippo core cassette commonly acts by negatively regu-
lating Yki activity; Wts phosphorylates Yki maintaining it local-
ized in the cytoplasm and then constraining its transcriptional
activity [21]. However, if the core cassette Hpo-Sav-Wts-Mats
acts on Yki during ACD to inactivate it, the phenotype of
matse03077/matse03077 should be suppressed in a ykiB5/ykiB5
mutant background, which was not the case. Conversely, mats
and yki synergistically cooperate, as a much stronger phenotype
was observed in the double mutant than in each of the single
mutants in the ‘‘RP2 assay.’’ Therefore, it is possible that, in
the context of ACD, phosphorylated Yki functions along with
other Hippo pathway components in the cytoplasm. The Yki
orthologs YAP and TAZ have been also proposed to have a
separate cytoplasmic function in the context of Wnt signaling
[47, 48]. Hence, it will be interesting to investigate this potential
‘‘non-canonical’’ cytoplasmic function of Yki in ACD further.
ACD is a crucial process for generating cellular diversity during
development, and its disruption is associated with tumor forma-
tion. Intriguingly, the Hippo pathway is a tumor suppressor
pathway, and it has been reported to control stem cell identity
[23]. Hence, the function of core components of the Hippo
pathway in ACD described here might also impinge on our
understanding of the Hippo pathway function and how its disrup-
tion leads to tumor formation in stem cells. For instance,
impairment of the Hippo pathway could favor proliferative (sym-
metric) versus differentiative (asymmetric) divisions, leading
to increased overgrowth. In this context, the Hippo pathway
would not act by transcriptional regulation but by regulating
the cortical localization of ACD modulators (Figure 7B).
In summary, our work has uncovered a novel function for core
components of the Hippo signaling pathway in ACD. As mention
above, given the connections between ACD, stem cells, and the
role of the Hippo pathway as a tumor suppressor, it is an attrac-
tive possibility that alterations in this pathway lead to tumor
formation via aberrant stem cell divisions.
EXPERIMENTAL PROCEDURES
In Vitro Kinase Assays and Mass Spectrometry
Kinase reactions were performed in a kinase buffer containing protease inhib-
itor cocktail (Roche), phosphatase inhibitors 1 and 3 (1:100, Sigma), 100 mM of
cold ATP and 3 mCi of 32P g-ATP. 0.3–0.5 mg of the FLAG substrate (Cno, Baz,
or Numb) and 200 ng of human LATS1 active kinase (SignalChem) were mixed
ina total volumeof 25ml. The kinase reactionwasperformedat 30Cand, after a
short centrifugation, SDS loading dye was added. Samples were boiled for
5 min prior to gel loading. Gels were stained with SimplyBlue SafeStain (Life
Technologies), dried for 2 hr using a gel dryer, and subsequently exposed to
X-ray film. The intensity of the kinase assay signalswasquantifiedusing ImageJ
and the acquired data analyzed using Prism6. Formass spectrometry analysis,
kinase assays were carried out as described above but without the addition of
32P g-ATP. Samples were sent to the Taplin Biological Mass Spectrometry
Facility (Harvard) for analysis, where samples were analyzed using an Orbitrap
VelosPro (ThermoFisher Scientific). Thedatawere searchedusing theSequest
algorithm. The database for Drosophila was downloaded from Uniprot.
Further details on experimental procedures are described in Supplemental
Experimental Procedures.
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